Abstract: Zymomonas mobilis, a Gram-negative ethanologenic non-pathogenic bacterium, is reported to exhibit resistance to high concentrations of β-lactam antibiotics. In the present study, Z. mobilis was found to be resistant to I-IV generations of cephalosporins and carbapenems, i.e. narrow, broad and extended spectrum β-lactam antibiotics. We have analysed the genome of Z. mobilis (GenBank accession No.: NC 006526) harbouring multiple genes coding for β-lactamases (BLA), β-lactamase domain containing proteins (BDP) and penicillin binding proteins (PBP). The conserved domain database analysis of BDPs predicted them to be members of metallo β-lactamase superfamily. Further, class C specific multidomain AmpC (β-lactamase C) was found in the three β-lactamases. The β-lactam resistance determinants motifs, HXHXD, KXG, SXXK, SXN, and YXN are present in the BLAs, BDPs and PBPs of Z. mobilis. The predicted theoretical pI and aliphatic index values suggested their stability. One of the PBPs, PBP2, was predicted to share functional association with rod shape determining proteins (GenBank accession Nos. YP 162095 and YP 162091). Homology modelling of three dimensional structures of the β-lactam resistance determinants and further docking studies with penicillin and other β-lactam antibiotics indicated their substrate-specificity. Semi-quantitative PCR analysis indicated that the expression of all BLAs and one BDP are induced by penicillin. Disk diffusion assay, SDS-PAGE and zymogram analysis confirms the substrate specificity of the β-lactam resistance determinants. This study gives a broader picture of the β-lactam resistance determinants of a non-pathogenic ethanologenic Z. mobilis bacterium that could have implications in laboratories since it is routinely used in many research laboratories in the world for ethanol, fructooligosaccharides, levan production and has also been reported to be present in wine and beer as a spoilage organism.
Introduction
Antibiotic resistance in non-pathogenic bacteria are potential source for the dissemination of their antibiotic resistance genes to invading harmful bacteria (Sibold et al. 1994) . Genome sequencing projects have opened the new approaches for the identification of antibiotic resistance in pathogenic and non-pathogenic bacteria (Fisher et al. 2005; Audic et al. 2007; Nampoothiri et al. 2008) . There are several genes coding for β-lactamases (BLA), β-lactamase domain containing proteins (BDP) and penicillin binding proteins (PBP) that contributed to the β-lactam antibiotic resistance in non-pathogenic bacteria, such as Branhamella catarrhalis, Lysobacter enzymogenes (Ninane et al. 1978; Tigerstrom & Boras 1990) . Chromosomally located antibiotic resistance genes of both pathogens and non-pathogens are well regulated compared to plasmid mediated β-lactam resistance (Wright 2007) .
Zymomonas mobilis, a Gram-negative, facultative anaerobic bacterium with a number of desirable industrial characteristics was first isolated from the African palm wine and from beer in Europe (Gunasekaran & Raj 1999) . We have earlier reported that Z. mobilis showed high level of resistance (in clinical standards) to β-lactam antibiotics, such as cephalexin, cephalosporin C, cephalothin, benzylpenicillin and penicillin V (Rajnish et al. 2011) . The cloning and expression of a β-lactamase gene from Z. mobilis B406 in Escherichia coli JM 109 has been reported (Mukundan et al. 1994) . We have cloned, expressed, purified and characterized one of the β-lactamase (YP 161838) of Z. mobilis, in which the β-lactamase clone showed high level of resistance to ampicillin, benzylpenicillin, cephalexin and penicillin V (Rajnish et al. 2011) . We have also reported the homology based structural study of the β-lactam resistance determinants in Z. mobilis (Sheik Asraf et al. 2012) .
The genome of Z. mobilis ZM4 (GenBank accession No.: NC 006526) has sequences encoding four BLAs, three BDPs and three PBPs (Seo et al. 2005) . These sequences are present 100% identical in three other sequenced genomes of Z. mobilis strains, namely Z. mobilis NCIMB 11163, Z. mobilis subsp. mobilis lectotype ATCC 10988 and Z. mobilis subsp. pomaceae lectotype ATCC 29192. We report here the detailed sequence analysis, phylogenetic study, homology modelling and docking analysis of different β-lactamases and β-lactamase related proteins and functional study of β-lactam resistance in this organism. This study of the β-lactam resistance determinants of a nonpathogenic ethanologenic Z. mobilis could have potential implications since this bacterium is routinely used in many research laboratories in the world for ethanol production and it has been reported to be present in wine and beer as an spoilage organism. Moreover, Z. mobilis has been used for production of food-grade oligosaccharides (Crittenden & Playne 2002) . There has also been a report of production of fructan syrup by Z. mobilis from sucrose syrup and was used as source of prebiotics -fructooligosaccharides and levan (Bekers et al. 2002) .
Material and methods

Wet lab methods
Kirby-Bauer disc diffusion assay was used to subject Z. mobilis ZM4 (NC 006526), Z. mobilis NCIMB 11163, Z. mobilis subsp. pomaceae lectotype ATCC 29192 and Z. mobilis B14023 (NRRL, Peoria, Illinois) with various β-lactam antibiotics in order to determine their antibiotic sensitivity/resistance profile. For transcript analysis, the total RNA was isolated from mid-log phase cultures (OD600 0.7) of Z. mobilis grown in rich medium with/without penicillin (500 µg/mL) as described previously (Conway et al. 1991) . The RNA integrity was analyzed by formaldehyde agarose gel electrophoresis (Sambrook & Russell 2001) . The semiquantitative PCR was performed for the cDNA synthesized from whole RNA template using gene-specific primers (Table 1) . The adhB (alcohol dehydrogenase B), a housekeeping gene was employed as endogenous control and done as previously (Rajnish et al. 2008) . SDS-PAGE and β-lactamase activity staining was performed as described earlier . The morphology and microstructure of Z. mobilis was examined using atomic force microscopy (A100, APE Research, Trieste, Italy).
Computational methods
Entrez genome database was used for the preliminary searching of the β-lactam resistance determinants encoded Table 1 . List of primers used in this study.
Primer
Sequence (5' to 3') et al. 2005) . The sequence of these β-lactam resistance determinants were analysed using Protparam (Gasteiger et al. 2005) . Sequence similarity and identity of these protein sequences against the available databases (non-redundant and Protein Data Bank (PDB; Bernstein et al. 1977) were carried out using BLASTp tool (Altschul et al. 1997) . Multiple sequence alignment and analysis were performed using ClustalW (Thompson et al. 1994 von Mering et al. 2003) . The three-dimensional structures of proteins used as templates for homology modelling of these β-lactam resistance determinants were obtained from the Brookhaven PDB (Berman et al. 2000) . Automated homology modelling of these β-lactam resistance determinants was performed using the Swiss-Model server (Schwede et al. 2003) and ESyPred3D (Lambert et al. 2002) . The sequence alignment of the template and target was generated using ClustalW (Thompson et al. 1994) to identify the structurally conserved regions for model construction in conjunction with Swiss-PDB viewer (Guex & Peitsch 1997) . The theoretical models of these β-lactam resistance determinants were obtained based on the structural alignment of the amino acid sequence. The tertiary structure was displayed with PyMOL (DeLano 2011) and Cn3D (Wang et al. 2000) . The model was validated with What Check server (Hooft et al. 1996) and Procheck (Laskowski et al. 1993) by submitting the coordinates to SAVES (Structural Analysis and Verification Server). The structure and root mean square deviation calculations were generated with Swiss PDB Viewer (Guex & Peitsch 1997) . The predicted theoretical models were deposited in the Protein Model DataBase (PMDB; Castrignano et al. 2006 ). The active site was predicted using CASTp (Computed Atas of Surface Topography of proteins) (Binkowski et al. 2003) . The docking studies with the β-lactam resistance determinants to penicillin and other β-lactam antibiotics were executed using DockingServer (Bikadi & Hazai 2009 ). 
Results and discussion
Experimental study of β-lactam resistance of Z. mobilis In order to determine antibiotic sensitivity/resistance profile ofZ. mobilis ZM4, Z. mobilis NCIMB 11163, Z. mobilis subsp. pomaceae lectotype ATCC 29192 and Z. mobilis B14023 (NRRL, Peoria, Illinois), disc diffusion assay was carried out with different β-lactam antibiotics (Table 2 ). Z. mobilis strains showed resistance to narrow spectrum penicillins, carbapenems, III and IV generations of cephalosporins, and synthetic monocyclic β-lactams. Majority of the β-lactamases are known to be inducible in the presence of β-lactam antibiotics (Lindberg et al. 1987) . Semi-quantitative reverse transcription PCR analysis of the RNA isolated from Z. mobilis ZM4 grown in media with/without penicillin at 30
• C indicated that the β-lactamases (BLA2, BLA3 and BLA4) and BDP1 expressed at a greater level in the presence of penicillin (Fig. 1) . The transcript analyses of PBPs were not performed since there was a report on PBPs in Z. mobilis (Karibian & Starka 1987) . Zymogram analysis of the β-lactamase was performed as described in Materials and methods section . SDS-PAGE analysis and activity staining confirmed the molecular mass of these proteins which correlate with the predicted molecular mass of the β-lactamases (Fig. 2 ).
Sequence analysis of β-lactam resistance determinants
Examining the genome sequence of Z. mobilis ZM4 (NC 006526) for the cluster of orthologous genes (COGs) revealed the presence of β-lactamases (BLA), β-lactamase domain containing proteins (BDP) and penicillin binding proteins (PBP (Table 3) . The phylogenetic analysis revealed that the BLAs, BDPs and PBPs form distinctive clades (Fig. 3) .
In transcript study as described in the previous section, it was observed that the β-lactamases (BLA2, BLA3 and BLA4) and BDP1 were expressed at a higher level in the presence of penicillin. Moreover, there are reports that the β-lactamase gene is induced due to the presence of AmpR (Poirel et al. 1999) and AmpG (Lauro et al. 2009 ) regulatory elements in the genome. BLASTp analysis of AmpR, a regulatory protein in Morganella morganii, against the Z. mobilis proteome revealed the presence of a LysR family transcriptional regulatory protein (Fig. 1) . Similarly, a resolvase domain containing protein having a helix-turnhelix motif was found and it is thought to be involved in binding upstream region at the ampC and thereby the regulating the expression of β-lactamase (Poirel et al. 1999 ). Moreover, a transposase insertion sequence (IS) 5 family protein was found upstream to BDP3. Similar to Z. mobilis, the existence of IS6100 has been reported in hexachlorocyclohexanedegrading Sphingomonas paucimobilis that has the ability to spread antibiotic resistance genes across diverse group of bacteria by horizontal gene transfer (Dogra et al. 2004 ). This particular IS element is reported to be linked with antibiotic resistance determinant genes (Mahillon & Chandler 1998) .
Several tRNA encoding genes were found upstream to BDP2 (ZMO1866). Similarly the genetic environment of BDP3 (ZMO1866) indicated the presence of genes involved in nucleotide metabolism, namely Fig. 2 . SDS-PAGE and zymogram analysis of β-lactamases of Z. mobilis. Total proteins of Z. mobilis were resolved on 10% SDS-PAGE gels copolymerized with hydrolyzed starch (0.1%). The gels were treated with 12.5% TCA and stained with coomassie brilliant blue R-250 dye (lane 1). The other part of gel treated with 25% isoproponal, 100 mM phosphate buffer, penicillin solution and finally with iodine solution for detecting β-lactamase activity (lane 2). Lane M is the molecular weight marker.
ZMO1090 (dTMP kinase), ZMO1091 (DNA polymerase 3 subunit), ZMO1092 (methionyl tRNA synthetase), ZMO1093 (TatD hydrolase), ZMO1095 (MazG; nucleoside triphosphate pyrophosphohydrolase), and ZMO1096 (ribonuclease R). These results help us to conclude that BDP2 and BDP3 are metallo-β-lactamases belonging to the β-CASP family (Callebaut et al. 2002) .
BLASTp analysis of β-lactam resistance determinants
BLASTp analysis of the β-lactam resistance determinants with the available sequences gave insights into the closest known antibiotic resistance genera, such as Sphingomonas wittichii RW1, Sphingobium chlorophenolicum L-1, Sphingomonas sp. SKA58, Mesorhizobium opportunistum WSM2075, Caulobacter sp. K31 and Gluconobacter hansenii ATCC23769 (Table 4 ). S. wittichii RW1 and S. chlorophenolicum have been reported to degrade xenobiotic compounds (Takeuchi et al. 2001; Yabuuchi et al. 2001) . S. wittichii RW1, Sphingomonas sp. and S. japonicum have been demonstrated to possess antibiotic resistance (Yabuuchi et al. 2001; Basta et al. 2004; Pal et al. 2005) . S. wittichii RW1, an effective metabolizer of dibenzo-p-dioxin, has been reported earlier as resistant to β-lactam antibiotics, like aztreonam and moxalactam (Yabuuchi et al. 2001 ). S. chlorophenolicum has been found to completely mineralize pentachlorophenol (Dogra et al. 2004 ).
Predicted properties of β-lactam resistance determinants
The predicted theoretical pI of the BLAs, BDPs and PBPs suggested their wide-range of pH stability as reported earlier (Table 5 ). This wide range of pI could be due to the variation in SXXK motif in the active site of these proteins (Ambler 1980) . The substitution of amino acids in the active-site of the β-lactamases could be responsible for the broad range of theoretical pI and wide-range of pH stability. The predicted GRAVY (grand average of hydropathicity) values for the BLAs, BDPs and PBPs suggested that they are soluble proteins. The range of the predicted aliphatic index value of BLAs (83.36-93.82), and ) suggested that they are highly thermostable as reported earlier (Tajima et al. 1980; Arakawa et al. 1989; Feller et al. 1995; Poirel et al. 2000) . The molecular weight of BLA2 of Z. mobilis is comparable to that of the Citrobacter freundii GN7391 β-lactamase characterized previously (Tajima et al. 1980 ). BLA3 had a molecular weight and pI of 42 kDa and 5.96, respectively, and these values closely match those of the Psychrobacter immobilis A8 (Feller et al. 1995) . Likewise, a comparison of the molecular weight and pI of BLA3 indicated close similarity to those of class A β-lactamases reported previously (Arakawa et al. 1989 ). In addition, the predicted molecular weight and pI of BDP1 matched to the VIM-2 metallo-β-lactamase characterized previously (Poirel et al. 2000) .
Conserved domain analysis of β-lactam resistance determinants BDP2 and BDP3 have a lactamase B domain and belong to the class of metallo β-lactamases. Both BDP2 and BDP3 have mRNA degrading nuclease specific COG 595 metallo-β-lactamase domain. In general, all the BLAs belong to the superfamily of the major β-lactamase. The presence of multidomain AmpC in the BLA1, BLA2 and BLA3 indicated that they are class C β-lactamases (AmpC-type β-lactamases). The Conserved Domain Database analysis of the PBP1 suggested that PBP1 have transpeptidase and transglycosylation domain, a characteristic of PBPs. It also has membrane carboxypeptidase domain (MrcB), a known penicillin binding domain and it is classified as the PBP 1A family. The PBP2 belongs to penicillin-binding protein 2 family and consists of PBP dimer domain and transpeptidase domain. It belongs to the pbp2 mrdA group of PBPs. The PBP3 belongs to penicillin binding protein 1A family and has transglycosylase and transpeptidase domain. These results confirm the earlier report (Karibian & Starka 1987) of the presence of three penicillin-binding proteins in Z. mobilis and con-cluded that two of them could be a murein polymerase. The PBPs could be the target of penicillin molecule and known to be murein polymerase. These results are in accordance with similar studies reported earlier (Di Gulmi et al. 2003) . The N-terminal transglycosylation domain of PBP1 is considered to catalyse the elongation of the glycan chains, while the transpeptidase domain is considered to catalyse the cross linking of the peptide and glycan chains during peptidoglycan biosynthesis (Di Gulmi et al. 2003) .
Functional relationship of β-lactam resistance determinants across genomes A comparative genomics study carried out with curated genome of Z. mobilis genome and genome sequences available at NMPDR database indicated that Z. mobilis shared a common clade with the antibiotic resistance bacteria Sphingophyxis alaskensis RB2256, Novospingobium aromaticivorans DSM 12444, Sphingobium japonicum UT26, S. wittichii RW1 and Erythrobacter litoralis HTCC2594. There was a report of transmission of antibiotic resistance genes between Sphingomonas sp. and S. aromaticivorans F199 (Basta et al. 2004 ). S. japonicum sp. is resistant to ampicillin (Pal et al. 2005) . Recently, Zheng et al. (2011) studied the similarity of E. litoralis β-lactamase II and New Delhi metallo-β-lactamase having carbapenemase activity. S. wittichii RW1 is resistant to wide-range of antibiotics (Yabuuchi et al. 2001 ). All these reports suggested the close resemblance of Z. mobilis with these β-lactamase producers. β-Lactam resistance determinants of Z. mobilis were compared with other available microbes in the genomic context, high-throughput experiments, conserved co-expression data and available knowledge-base (Fig. 4) . All BLAs, PBPs and BDPs exhibited greater percentage of sequence conservation with their homologs in S. alaskensis RB2256, N. aromaticivorans DSM 12444, S. wittichii RW1, S. japonicum UT26 and E. litoralis HTCC2594. It is well-known that antibiotic resistance has been reported in S. alaskensis RB2256 (Lauro et al. 2009 ), S. japonicum (Pal et al. 2005) , S. wittichii RW1 (Yabuuchi et al. 2001 ) and E. litoralis (Zheng et al. 2011) . Thus, Z. mobilis with its β-lactam resistance suggested the presence of similar conserved multiple domains.
Motifs of β-lactam resistance determinants
BLAs and PBPs of Z. mobilis harbour KXG motif, characteristic of proteins that interact with β-lactam antibiotics (Fig. 5) . KXG, SXXK and SXN motifs are the three catalytic centres of the transpeptidase activity in all PBPs (Ghuysen 1991) . The BLA1 has one KSG motif in addition to KTG motif, which is known to be involved in the serine active-site cleft formation, functional regulation and stability (Massova & Mobashery 1998) , and is a component of a β-sheet (Mottl et al. 1991) . This conservative amino acid substitution of threonine by a serine is likely to conserve the physical and chemical properties to maintain the struc- ture and function of the β-lactamases (Harris et al. 2000) .
Z. mobilis PBPs, BDPs (except BDP2 and BDP3) and BLAs (except BLA4) contain another major motif of SXXK, with an active serine residue responsible for the nucleophilic attack on the β-lactam ring of the antibiotic. The absence of this motif in BDP2, BDP3
and BLA4 indicate that they are metallo-β-lactamase proteins (Couture et al. 1992) . STFK motif was found in PBP3. Previous studies have indicated that STFK is the most frequently found motif (Couture et al. 1992) and it is characteristic of Class D β-lactamases (Couture et al. 1992; Donald et al. 2000) . STFK along with KTG motif are well-known to be involved in the serine active-site function and regulation (Couture et al. 1992; Massova & Mobashery 1998) .
All PBPs and BLA1 contain an additional major motif, YXN, a typical motif of Class C β-lactamases (Ambler 1980) . In addition, SDN motif, a characteristic feature of β-lactamases with a serine active site is present in BLA4, PBP1, PBP2 and PBP3. Additional different motif, HXHXD, a distinctive zinc binding motif is present only in BDPs. BLA1 and PBP2 contain SVV, a distinctive motif of Class-D β-lactamase.
Functional relationship between β-lactamases and related proteins The PBP2 was predicted to share maximum functional partnership with PBP1, rod-shape-determining proteins (YP 162095 and YP 162091) , BDP3 and a hydrolase (YP 162828) (Fig. 6 ). Rod-shape of the cell is affected by the exposure of Z. mobilis cells to ben- An evaluation of the Z. mobilis genome using NMPDR revealed the presence of genes that contribute to the rod shape of the cell; namely the rod shape determining protein MreB (5), rod shape determining protein MreC (4), and ZMO0360 (rod shape determining protein, RodA) (3) in the vicinity of PBP2 coding region (1). The graphic is centered on the focus gene, which is numbered 1. The hypothetical protein is represented as 2. Sets of genes with similar sequence are grouped with the same number. zylpenicillin. The atomic force microscope micrograph of Z. mobilis cells (Fig. 7 ) treated with benzylpenicillin (770 µg/mL), the concentration being lesser than minimum inhibitory concentration level (1,220 µg/mL), appeared to be irregularly shaped. An examination of the Z. mobilis genome using NMPDR revealed the presence of MreB, MreC and RodA coding ORFs, namely ZMO0355, ZMO0356 and ZMO0360 in the vicinity of PBP2 coding region (Fig. 8) . The MreB, MreC and RodA proteins are reported to play a major role in rod shape of the cell (Matsuzawa et al. 1989) .
Homology modelling and docking of β-lactam resistance determinants
The three-dimensional structures of these β-lactamases and related proteins are not present in the PDB (Berman et al. 2000) . Initially, the secondary structures of these proteins were studied (Table 6 ). The tertiary structures were predicted using the Swiss-Model and ESyPred3D servers with the most-suitable templates as indicated in Table 7 . The overall quality factor and percentage of residues with 3D-1D (three-dimensional -one-dimensional) score larger than 0.2 obtained was satisfactory. Further, analysis of the three-dimensional structure using Ramachandran plot indicated that the number of amino acid residues in the favourable regions was of acceptable value. The predicted homology model gave the essential structural features namely the α-helix, α/β structure and serine as active-site residue responsible for the nucleophilic attack on the β-lactam ring of the antibiotic. To study the substrate specificity of these β-lactamases to penicillin and other β-lactam antibiotics, docking calculations were performed as described in the Materials and methods. All the BLAs and BDPs revealed interaction with the penicillin (Fig. 9 ) and other β-lactam antibiotics (data not shown).
Conclusions
Functional transcript and protein expression confirmed that non-pathogenic Z. mobilis possesses several antibiotic resistance genes (BLAs, BDPs and PBPs) that could have implications in ethanol-based laboratory and alcoholic beverages industries. The significance of this study is that the β-lactamases of Z. mobilis could play a significant role in the transfer of resistance genes to pathogenic bacteria in its natural habitat/laboratory environment.
